This review provides an overview of the structural chemistry of layered oxychalcogenides, which are described using a building block approach, and on the potential of these materials for thermoelectric applications. 
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Introduction
Layered oxychalcogenides are mixed-anion compounds, in which oxide and chalcogenide anions (Group 16) indirectly bound via one or more cations, creating a stack of alternating oxide and chalcogenide layers. The coexistence of ionic oxide anions and more covalent chalcogenide anions leads to a highly distinctive structural chemistry. Owing to the preference of "hard" non-polarisable cations to coordinate to smaller oxide anions, while "soft" more polarisable cations preferentially coordinate to larger chalcogenide anions, quaternary oxychalcogenides tend to adopt structures in which oxide and chalcogenide anions are segregated, with each coordinating preferentially to one type of cation, as early noted by Guittard et al [1] . This often results in structures with low-dimensional characteristics, and structural low dimensionality may lead to highly anisotropic electronic band structures, together with interesting electronic properties. In addition, the covalent character of the chalcogenide layers promotes high-mobility semiconduction, whereas low thermal conductivity is favoured by the more ionic interactions of the oxide blocks. The alternation of distinct layers found in oxychalcogenides also facilitates the tuning of their properties via chemical substitution at both the oxide and chalcogenide layers. The coexistence of low-dimensionality together with covalent and ionic bonding offers great for potential for thermoelectric applications, and can also result in a wide range of unexpected and fascinating properties. For instance, Ce 2 O 2 S nanoparticles anchored on graphitised carbon has been recently found to be a promising anode material for Li-ion batteries, with a stable specific capacity up to 627 mA h g -1 after 180 charge-recharge cycles [2] . Sm 2 Ti 2 S 2 O 5 has attracted considerable attention as a photocatalyst for water splitting [3] , and LaOCuS is considered a promising p-type transparent semiconductor for optoelectronic applications [ 4 ] .
Superconductivity has been recently reported in bismuth oxysulfides, although the T c is rather low ~ 4.5 K [5, 6, 7] . An improvement of the superconducting properties of compounds containing [BiS 2 ] 2-layers has been found in electron doped NdO 0.5 F 0.5 BiS 2 (T c ~ 5 K) [8] or LaO 1-x F x BiS 2 (T c ~ 10.6 K) [9] .
Although oxychalcogenides can also adopt structures without low-dimensional characteristics, as exemplified by Eu 5 V 3 S 6 O 7 and La 10 Se 14 O [10] , throughout this review we restrict our scope to layered oxychalcogenides, with a particular focus on their potential for thermoelectric applications. The structures of some families of layered oxychalcogenides have been previously reviewed [1, 11, 12] .
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Structural Chemistry of Layered Oxychalcogenides
Common Building Blocks
Structures of layered oxychalcogenides can be described as a combination of two (or more)
types of building blocks. Certain inorganic slabs, such as perovskite, fluorite, or rock-salt blocks, which are encountered in many structures, can be considered as two-dimensional building blocks, and layered structures in which two or more types of such building blocks are stacked along a given direction, can be generated. 
crystal study of Bi 2 O 2 S provides no evidence for a modulated structure [20] .
In the tetragonal anti-ThCr crystallises in the Cmca space group [27] . Selenium or tellurium analogues have not been described. 2-slabs stacked alternately along the c-axis ( Figure 3 ). This structure type has been reported for approximately 150 compounds, containing the anions oxide, fluoride, silicide, germanide, chalcogenide, pnictide, and hydride [ 34 ] , and in particular, is also adopted by the superconducting oxypnictides LnOFePn (Ln = La, Pr, Ce, Sm; Pn = P and As) [35] . In 1980,
Materials containing fluorite-like oxide blocks and transition-metal chalcogenide blocks
Palazzi et al. reported ionic conductivity for LaOAgS [28] , while in CeOCuS copper can be readily extracted from the [Cu 2 S 2 ] 2-layers, to produce highly deficient copper phases [36] .
The rare-earth containing oxychalcogenides have been primarily investigated for their optoelectronic properties, as many of them are transparent p-type semiconductors [37] . (Figure 4 ) [38] . It has been shown that different ordering patterns are possible depending on the composition, and in particular on the nature of the transition metal. 
Materials adopting the [AO][BQ 2 ] structure and related structures
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Thermoelectric Properties of Oxychalcogenides
Despite the numerous families of oxychalcogenides that have been discovered, many of the published reports are concerned with their optical and magnetic properties [12, 36] . Little effort has been devoted to the study of their thermoelectric properties, the exception being the copper-containing oxyselenide BiOCuSe, which has been extensively investigated as a promising thermoelectric material since 2010 [ 56 ] . Some representative examples of thermoelectric oxychalcogenides are given in Table 2 , and their properties are discussed below. As evidenced by data in Table 2 , a common characteristic of these materials is a rather low thermal conductivity.
The first report of the thermoelectric performance of oxychalcogenides adopting the [AO][BQ]
structure focused on La 1-x Sr x OCuSe [57] , but interest in these materials grew considerably after the report of ZT = 0.76 at 873 K for the bismuth analogue, Bi 1-x Sr x OCuSe [58] . Since then, the number of publications on this family of oxychalcogenides has been increasing steadily. Higher ZT values are found for oxychalcogenides with smaller band gaps. Usually, the temperature at which ZT reaches a maximum value is related to the band gap [59] . This is because for a given band gap energy, there is a temperature at which the onset of intrinsic M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
conduction will occur, and the simultaneous excitation of intrinsic electrons and holes will reduce the Seebeck coefficient (S = S p + S n ) and hence ZT. It has been shown that, for a given operating temperature T, the optimal thermoelectric performance will be found for semiconductors with a band gap of approximately 10k B T [60] .
Bismuth-containing [AO][BQ]
phases have significantly lower band gaps than those containing rare earth elements, due to the contribution of Bi 6p states to the bottom of the conduction band [61] . Although the lowest band gap is found for the oxytelluride for which ZT = 0.66 at 673 K, there is a very limited number of doping studies [62, 63] , and most of the effort in optimising the thermoelectric performance has centred on the bismuth oxyselenide. [ 73 ] . In general, the most common approach to achieve a high ZT in these oxychalcogenides is to tune the electrical conductivity via doping, given their naturally low thermal conductivity. Due to the high Grüneisen parameter of BiOCuSe [74] , it has been suggested that the low thermal conductivity in BiOCuQ is related to the presence of the Bi 3+ lone pair, which can reduce the lattice thermal conductivity due to bond anharmonicity [75] .
Saha calculated the phonon band structure of the oxyselenide, and attributed the low thermal conductivity of BiOCuSe when compared to LaOCuSe to a stronger hybridization of acoustic and optical phonons in the former than in the later [76] . The origin of the unusual thermal transport properties of BiOCuQ has also been investigated using a combination of neutron diffraction and computational calculations [ 77 ] . This study has shown that the main contributors to the unusually large Grüneisen parameter of these phases are copper and the chalcogen, and that despite the presence of the lone pair, the bismuth contribution is relatively small, with the change in thermal conductivity associated with the Bi/La substitution related to M A N U S C R I P T
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the variation in atomic mass. Vaqueiro et al. concluded that weak bonding of the copper atoms leads to an unexpected rattling vibrational mode of copper at low frequencies, which is likely to be a major contributor to the low thermal conductivity found for BiOCuQ [76] . Recent calculations of phonon transport and lifetimes in BiOCuSe indicate that there is a significant contribution of optical phonons, arising primarily from O vibrations, to the overall lattice thermal conductivity [78] . Calculations of the electronic band structure of BiOCuQ indicate that the top of the valence band consist of a mixture of light-and heavy-mass bands [79] . This is considered a desirable feature for good thermoelectric performance [80] , given that a light-mass band promotes good electrical conduction, whilst a heavy-mass band can result in a high Seebeck coefficient. However, it should be noted that the hole mobility in BiOCuSe is small, ∼20 cm 2 V -1 s -1 [81] . This is detrimental for the thermoelectric performance, because ZT is proportional to the mobility, according to the expression Z ∝ (m*) 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
an n-type semiconductor with a ZT = 0.007 at 300 K, was first reported by Ruleova et al [87] .
Bismuth deficiency has been shown to improve ZT [88] Table 2 , the performance of n-type oxychalcogenides to date is significantly lower than those of p-type phases, and the best performing material is still BiOCuSe.
Concluding remarks
While in the past research on layered oxychalcogenides has centered on their magnetic properties, these materials are rapidly emerging as promising thermoelectric materials. A common feature to all materials investigated to date seems to be a relatively low thermal conductivity, and further studies to clarify the origin of this behavior are needed.
Band structure calculations suggest that the electronic structures of layered oxychalcogenides, From a thermoelectric perspective, the best performing oxychalcogenide to date is BiOCuSe, but given the variety of already known oxychalcogenides, there is a large field of unexplored materials that offer real prospects to improve ZT. The building block approach described here also offers ample opportunities to design and discover entirely new families of oxychalcogenides. 
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